This project involved the investigation of the ability of non-heme iron metalloenzyme reactivity model complexes to catalyze the oxidation of alkane and arene molecules. The objectives were to synthesize a series of non-heme mononuclear and dinuclear iron complexes, characterize their electronic structure and reactivity properties, characterize intermediates formed during oxygen atom transfer chemistry, and elucidate the mechanisms and specificity of the reactions. These data also were to be compared to analogous heme-based chemistry.
Scheme 1 N-Melm
The reaction of equimolar quantities of trans-F$+(N-MeIm)z-(C1)2(MeOH)218*19 and the dilithium salt of 2,3-bis(2-hydroxybenzamido)-2,3-dimethylbutane, %bamb (Scheme 1) : ' in anhydrous 1% methanol-acetonitrile under anaerobic conditions afforded @?e22+(Hzbamb)2(N-MeIm)2] (1)25a (60% yield). Isothermal distillation techniquesls indicate that 1 has a molecular weight of 4 100, consistent with its dimeric formulation. EPR spectra of 1 show a g H % 16 signal, suggesting a ferromagnetically coupled S = 4 core as previously reported for an analogous binuclear system.I9 Cyclic voltammetry experiments show two coupled le-oxidationheduction processes; a scanrate-dependent quasi-reversible process at -310 mV ("E) and an electrochemically reversible couple at -690 mV ("E), giving K , , = 2.7 x loa. Repetitive scans showed no significant decrease in either cathodic or anodic current; ligand centered redox behavior was observed outside this region of interest. The scan-rate dependence of AEp, attributed to kinetic effects, allowed the measurement of an intrinsic rate constant, k = 2 x assuming pseudo-first-order kinetics. This rate constant, thought to reflect a structural change, is independent of [I] over a 3-fold range. A similar process was demonstrated in the redox transformation (-10 and -260 mV) of lr;ez2+(H2-Hbab)2(N-MeI1n)2].'~ The stoichiometric I2 titration of 1, as monitored by UV/vis spectroscopy, shows the clean formation of @?e2+,Fe3+] (2) (isosbestic point at 325 nm); the titration of one additional oxidizing equivalent readily converts 2 to [Fe3+, Fe3+] (3) (isosbestic points at 457 and 335 nm). Solution molecular weight characterizations of 2 and 3 are consistent (19) (a) [F42+(H2bamb)~(N-MeIkl solvated (1): Anal. Calcd for Css-H72N9013Fe~: C 55.90; H. 6.10 N, 10.68; Fe, 9.49. Found: C, 55.69 ; H, 5.70; N, 10.86; Fe, 9.43 . W/vis @m: A, (CM) 314 nm (20 000). IR: v.mid~w = 3430 cm-', v-0 = 1611 cm-'. Electrochemistry ("E): quasi reversible redox process, -690 mV, AE = 220-470 mV with scan rate 25-125 mV s-I; reversible process. -310 mV, AE = 70 mV. (b) [Fe2+Fe'+(Hrbamb)~(N-MeIk]~-) solvated (2): Anal. Calcd. for C5a72-N1001sIQ2Fe2: C. 49.18: H. 5.36 N, lb.37 ;' FG 8.10. ' forC~JInNlnOlrI .CIIFh: C.44.90. H. 4.90 . N. 9.53 . Fe. 7.60 . Found: C. ~_ _ ._ ._ _ _~_~~_ ~. 44.22, H, 5.20 , N, 9.71-F6'7.&.- interfaced to a "33% series U integrator. Mass spectral analyses were performed on a HP 5971 mass-selective detector attached to a HPS890 Series 2 GC. Authentic samples were used to verify all retention times. Expected reaction products were stable to GC conditions. (21) Studies using Fa12 and FeCla were performed and analyzed by GC and GUMS techniques using identical conditions as reported for 1-3 (Table 1) with catalyst:OIF'h:substrate = 1:500:2500 ([catalyst] = 1 mM). All reactions were performed in 10% DMF/CHzCIz under an inert (Nz) atmosphere and followed for 12 h. (22) Cyclohexane and cyclohexane-d12 studies were performed in two separate reactions with O P h and 1; cyclooctane was used as an internal standard (1:OLPh:substtate = 1:500:2500, [l] = I&). The ratio of the product distribution of cyclohexanolcyclooctanol and deuterated cyclohexanol:cyclooctanol yieids the desired-kdko. ( 1993. 115. 939-947. (24) Rataj. M. I.; Kauth. J. E.; Donnelly, M. I. 1. Biol. Chem. 1991, (25) Green, J.; Dalton, H. Biochem. J. 1989, 259, 167-172. (26) Groves, I. T.; Nemo, T. E. J. Am. Chem. SOC. 1983, IO5, 6243-266, 18684-18690. 67AQ V17Y.
(27) Lmsey Smith, J. R.; Mortimer, D. N. J. Chem . Soc., Chem. Commun. 1985, 410-411. 8098 J. Am . Chem. SOC., Vol. 119, No. 34, 1997 Communications to the Editor with their binuclear formulations." Both 2 and 3 give ris'e to broadened g = 4.3 signals in their EPR spectra.
Catalytic atom transfer reactions ( Table 1) were investigated under strict anaerobic conditions using OIPh as oxygen atom donor molecule and cyclohexane, cyclohexene, methyl phenyl sulfide, and toluene as substrates in 10% DMF/CHZCI~?~ All complexes were stable in the absence of iodosylbenzene for over 12 h. Parallel control reactions (absence of catalyst) were used to correct for non-metal-mediated products. Iodobenzcne was recovered in quantitative yields in all reactions. 'The products obtained from the oxidation of cyclohexane with 1 and OIPh (cyclohexanol (57). cyclohexanone (I), and chlorocyclohexane (57)) clearly indicate the ability of 1 to catalyze the oxidation of alkanes. The effect of core oxidation states is evident from the reaction of 2, which produces chlorocyclohexane (38) as the dominant product and only trace amounts of cyclohexanol(1). The fully oxidized complex, 3, produces only low levels of chlorocyclohexane (13). The requirement for at least one ferrous center is more clearly evident in the catalytic oxidations of olefins such as cyclohexene. Both 1 and 2 yield primarily allylic oxidation products (cyclohexenol and cyclohexenone), although cyclohexene oxide represents a significant product (30% and 22%. respectively). Interestingly, reactions catalyzed by 3 produce only low levels of cyclohexenol, suggesting that the [Fe3+,Fe3+] core is not an effective oxygen transfer catalyst under these conditions. This conclusion is supported by results from the 2e-catalytic oxidation of PhSMe where both 1 and 2 exhibit excellent catalytic ability while the diferric complex, 3, is inert as a sulfide oxidation catalyst. The binuclear compound 1 oxidizes toluene to primarily produce benzylic oxidation products with only minor levels of product resulting from attack of the aromatic ring, while 2, very interestingly, gives rise to predominantly aromatic ring oxidation products. Under identical conditions, simple Fez+ and Fe3+ salts in the presence of OIPh were unable to catalyze any of these reactions. 29 The intermolecular kinetic isotope effect for alkane C-H oxidation was determined by the competitive oxidation of cyclohexane and cyclohexane-dlz (k& = 2.?!). 30 This small intermolecular KIE is consistent with some,3i-33 but not all,34 studies for the oxidation of alkanes by MMO and is indicative of only a minor contribution from C-H bond breaking in the rate-determining step of substrate oxidation.
A comparison with the product distributions obtained from OIPh oxidation reactions catalyzed by iron porphyrins, whose mechanisms invoke a reactive high-valent pe4+-O] species?'-n is presented in Table 1 . While Fe(TPP)Cl-catalyzed oxidations of cyclohexane do not form any chlorinated product in the presence of CH2C12, brominated products are reported in the reaction of cycloheptane in C H Z B~~.~~ Furthermore, the ability of 1 and 2 to catalyze the oxidations of alkanes is substantially quenched when polar solvents such as CH3CN are used instead of hydrophobic' solvents such as CH2C12. An analogous phenomenon, ascribed to competition between solvent and the oxygen atom donor molecules for the labile site on the iron center, is also known for the porphyrin systems .36 In the absence of substrate, 1 reacts with OlPh to yield a p o x 0 Fe3+ dimer, which is inert as an oxygen-atom transfer catalyst. Differences in the catalytic chemistry observed for 1 and 2 and that reported for [Fe22+(HzHbab)2(N-MeIm)2] are thought to reflect the greater ease by which the core redox properties induced by the HZbamb*-ligand support formation of the reactive i~~termediate.'~.~~ These data demonstrate for the first time the ability of simple binuclear non-heme iron complexes containing at least one ferrous center to act as efficient oxygen-atom transfer catalysts using OIPh as the donor molecule. The chemistry exhibited by 1 and 2 clearly mimics many of the reactions heretofore seen only for heme systems, indicating that simple N/O ligand environments are adequate to support oxidative chemistry by oxygen atom donor molecules. Although the reactive intermediate(s) responsible for the observed alkane, arene, alkene, and sulfide oxidation chemistry exhibited by 1 and 2 is not as yet defined, its reactivity pattern is analogous to that observed for Cyt P-450, synthetic high-valent iron-oxo radical cation porphyrin model specie~:~2~ and the putative binuclear highvalent iron species observed in the catalytic cycle of MMO. ' vS Current efforts are designed to examine the effect of alternative oxygen-atom donors and metal-based redox potential on catalysis, elucidate the intimate mechanism of oxygen-atom transfer via isotopic labeling studies, and identify and spectroscopically characterize the reactive intermediate@) responsible for this chemistry.
Supporting Infonnafion Available: Electrochemical UVlvis, and EPR spectroscopic characterization of 1-3 (5 pages). See any c w n t masthead page for ordering and Internet access instructions.
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include examining t h e p r i m a r y redox event with dioxy-gen (or abiological oxygen atom donor molecules) that leads to formation of the reactive intermediate, characterization of the reactive intermediate(s), and investigating the mechanism of oxygen atom transfer to a variety of organic substrates. Current efforts are directed at improving the regioselective and enantioselective oxi'dation properties of these heme based catalysts by altering the nature of the transition metal center and the substituents of the heme group and/or axial ligand [I].
The pronounced effect of 'd-electron count' on the ability of heme-based complexes to catalyze the oxidation of organic substrates is well documented [lc,2] . Studies have shown that while Ti2+ (d') and V2+ (d3) porphyrin complexes are unable to efficiently cata1:yze the oxygen atom transfer reaction between OIPh amd simple substrates such as olefins, Cr3 + (d3) porphyrins are competent stereospecific epoxidation catalysts although large amounts of allylic oxidation are observed for cyclic olefins. While Mn3+ (d4) porphyrin complexes are efficient olefin epoxidation catalysts, this chemistry is characterized by a large loss of stereoselectivity. These results are in contrast to the OIPh epalxidation of olefins catalyzed by Fe3 + (d*) porphyrins, which is stereospecific and in many instances demonstrates a strong reactivity preference for cis-olefins compared to the trans-isomer. Co3+ (d6) porphyrins ,are poor catalysts for the OIPh epoxidation of olefins, while the corresponding Ni2 + (d8) and Cu2 + (d9) complexes are effectively inert.
This trend can be understood by recognizing that high valent metal-oxo porphyrin species are responsible for most of the products arising from metalloporphyrin catalyzed oxidations of organic substrates [1, 2] . The detailed spectroscopic and reactivity characteristics of a series of porphyrin [M4+ = 01 (M = Cr, Mn, and ]: e) complexes have been reviewed recently [ 1 b,c]. Poor oxygen atom transfer is expected from early transition metal centers that are highly oxophilic and can form stable M = 0 moieties under ambient conditions. Since oxidation of substrates requires the transfer of the oxygen atom coordinated to the metal center, the kinetic inertness of titanium and vanadium porphyrins and the low activity of the chromium complexes can be explained. The high activity of Mn3+ and Fe3+ porphyrin complexes and the relatively low activity of Ru3+ and Os3+ porphyrin systems can be similarly rationalized, While such metal-oxo systems are typically depicted as M a , its true bond order depends on the d" configuration, the coordination stereochemistry and the existence and nature of a trans ligand [3, 4] . Furthermore, M=O groups are stabilized only at those centers that Scheme I .
have an oxidation state of at least 4+ and a do-d4 electron configuration. The investigation of mononuclear and binuclear nonheme iron monooxygenases is a topic of interest to the inorganic community owing to the ability of these centers to act as alkane/arene oxidation catalysts [7] . Our efforts in this area are directed towards understanding the intimate role played by the iron center during the catalytic oxidation of organic substrates [7a, 8, 9] . We have previously described the structural, spectroscopic and reactivity properties of a binuclear ferrous analog reaction system, [Fe? + (H,Hbab),(N-Me1m)J (5), that is a reasonable approximation to the electronic environment of the reduced binuclear active site of methane monooxygenase as judged by Mossbauer, EPR and magnetic susceptibility data comparisons [8, 9] . Of equivalent interest is the ability of 5 to heterolytically cleave the percarboxylic 0-0 bond of phenylperacetic acid and catalyze the OIPh oxidation of a variety of simple organic substrates yielding both 'oxenoid'-like and radical-like products in a manner analogous to that reported for cytochrome P-450 and MMO [8] . These data were consistent with two limiting mechanisms involving either coordination of hypervalent iodine(II1) of OIPh to the Fe2+ center leading to oxygen activation (Lewis acid catalyzed oxygen atom transfer) or the formal formation of a high valent Fe-oxenoid species [SI. Despite the mechanistic insights gained from examining the influence of d-electron count on the reactivity properties of heme complexes, the comparison of isostructural binuclear metal complexes capable of catalyzing oxygen atom transfer reactions remains relatively unexplored [7] . Herein, we extend our studies from the binuclear d6 Fez+ system, 5, to an isostructural d7 Co2 + system, [Co,'+ (H,Hbab) ,(N-Me1m)J (2), and its oxidized mixed-valence complex [Co2 + Co' + (H,Hbab),(N-MeIm),] + (3), and fully oxidized complex [Co,' + (H,Hbab) ,(N-MeIm),]Z + (4), with the objective of examining the effect of crossing the 'oxo-wall' on metal centered catalytic oxygen atom transfer reactions. In this study we report the ability of complexes 2-4 to catalyze the epoxidation of a variety of olefins with little tendency to yield allylic oxidation products that are observed as the primary reaction products of reactions catalyzed by [Fezz + (H,Hbab) ,(N-Me1m)J (5) l [8] .
A comparison of the reactivity properties of the binuclear complexes [Fez + Fez +I (5) ; [Fez + Fe' +] (6); [Fe3 + Fe' +I (7) , and [Co' + ,Co2 +I systems is presented along with their mechanistic implications.
Experimental

I . Methodr and materials
The diamide ligand H,Hbab and its dilithium s.alt [8, 10] , and iodosylbenzene [l I] were prepared by published methods. Anhydrous CoCl, (pale blue) was prepared by heating violet CoC1,~6H20 under vacuum for 48 h. All other reagents were purchased from standard commercial sources and purified by standard methods. Solvents were appropriately purified, dried, and degassed prior to use. Co2 + (salen) [ 
121, [Cos + (sa1en):ICI
[13] and Fe,(H,Hbab),(N-MeIm), (5) [8, 9] , were synthesized by literature procedures.
Co
The synthesis of monomeric 1 was adapted from literature procedures for the synthesis of Coz +A2X2 compounds [14] . All operations were carried out under an N, atmosphere using standard anaerobic techniques. Anhydrous CoCl, (4.00 g, 30.8 mmol) was dissolved in a minimal amount of MeOH (30 ml) yielding a vivid blue solution which was then filtered into a stirred solution of 4.9 ml (62 mmol) of N-MeIm in 7 ml of MeOH. This addition immediately gave a blue precipitate. The reaction was allowed to proceed overnight after which the precipitate was collected by Sch1e:nk filtration techniques and dried overnight under vacuum to yield 7.64 g (70% yield) of blue Coz+(N-MeIm),(Cl),. A k l . Calc. for C, H, , N, CoCl, : C, 32.97; H, 4.11; N, 19.00; Co, 20.83. Found: C, 32.65; H, 4.08; N, 19.04 ; Co, 20.03%. Absorption spectrum (DMF): A, , , (cM) 630 nm (602), 611 nm (569), 579 nm (349), 220 (17 800). Infrared spectrum (KBr) "vinylic C-H = 3 145 cm-', VN-methyl = 3122 cm-', "ring stretch(R,) = 1539, 1521 cm-', "ring stretch(R2) = 1507 c m -l , "ring rtretch(R2 = 1335 C I l l -I , Vring stre=h(R3 = 1232 C m -I . This Complex is stable in air as a solid and as a methanolic solution.
Co,(HzHbab)z(N-MeIm) >Me OH (2)
All operations were carried out under N, atmosphere. To a stirred solution of 0.5 g of Co(N-MeIm),(Cl), (l), (1.7 mmol) in 10 ml of methanol was added a filtered solution of 0.62 g (1.7 mmol) of Li,H,Hbab in 15 ml of methanol. The blue solution of the Co-monomer turned darker on addition of the ligand; after stirring overnight a lavender-colored precipitate formed which was filtered from solution and dried to give 1.0 g (60%) of the pure product soluble in DMF and DMSO and insoluble in other common organic solvents. Anal. Calc. for C49H44C02Ns09: C, 58.44; H, 4.37; N, 11.13; Co, 11.72. Found: C, 58.20 ; H, 4.12; N, 11.43 ; Co, 12.08%. Absorption spectrum (DMF): 600 nm (160), 540 nm (120), 327 nm (sh, 23 600). Infrared spectrum (KBr) Yamidem = 3450 an-', ",ideC-= 1640 cm-'. This complex is stable in air for several hours as a solid but gets rapidly oxidized in solution.
[(Co + Co + (HzHbab)2(n-MeIm)J(Im)310(2DMF)
Under a N, atmosphere, 0.025 g (0.1 mmol) I, in distilled and degassed DMF was slowly added to a DMF solution of 0.2 g (0.2 mmol) 2. The solution was stirred overnight and the solvent evaporated under reduced pressure. The resulting solid was washed with dry degassed pentane to give a dull green solid. Anal. Calc. for C5,H,Co,N,,0,,I: C, 46.51; H, 3.87 ; N, 10.05; Co, 8.47. Found: C, 46.67; H, 3.99; N, 10.30; Co, 8.70%. Absorption spectrum (DMF) 305 nm (17400), 334 nm (sh, 14500). Infrared spectrum: ",,ide" = 3400 cm -I , ",idea = 1656 cm -I .
[(Co 2 + (HzHbab),(N-MeIm)J(21-)](3DMF) (4)
Under a N, atmosphere, 0.076 g (0.3 mmol, excess) of I, was added to 0.2 g (0.2 mmol) of 2 in 1% DMF/CH,CI, solution. After refluxing overnight, a greenish brown solid was precipitated out of the solution by the addition of diethyl ether. The solid was filtered and dried under vacuum. Anal. Calc. for C,,H,,Co,N1,0,,21: C, 47.74; H, 4.11 ; N, 10.85; Co, Table 1 Crystallographic parameters for Co2+(N-MeIm),(Cl), (1) and Co, 2+(H2Hbab)2(N-MeIm), (2) 1 2 Formula Formula weight, amu Crystal colour Crystal habit 8.61 . Found: C, 47.58 ; H, 4.23 = 3400 cm,v,ideCO = 1660 cm -2. 6 . Collection and reduction of X-ray data.
(CI), (I)
A blue parallelogram crystal of 1 having approximate dimensions of 0.20 x 0.36 x 0.52 mm was mounted in a glass capillary. All measurements were made on an Enraf-Nonius CAD4 diffractometer with graphitemonochromated Mo Ka radiation (A = 0.71073 ti>. Cell constants and an orientation matrix for data collection obtained from a least-squares refinement using the setting angles of 20 carefully centered reflections in the range 18.30 < 28 < 21.90 " corresponding to a monoclinic cell with dimensions: a = 7.9840(9), b = 12.554(:2), c = 12.962(1) A, /3 = 101.227(8)" and V = 1274.4(5) 1i3.
For 2 = 4 and FW = 294.05 the calculated density is 1.533 g cm-3. Based on the systematic absences of h01: h + 1 = 2n + 1; OkO: k = 2n + 1, and the successful solution and refinement of the structure, the space group was determined to be: P2,/n (no.14). The data were collected at a temperature of 23 f 1°C using the 0-28 scan technique to a maximum 28 value of 49.9 ". Omega scans of several intense reflections made prior to data collection had an average width at half height of 0.29" with a take-off angle of 2.8" . Scans of (0.80+ 0.35 tan 8)" were made at variable speeds ranging from 1.0 to 5.5" min-' (in omega). Moving-crystal moving counter background measurements were made by scanning in additional 25% above and below the scan range. The counter aperture consisted of a variable horizontal slit with a width ranging from 2.0 to 2.5 mm and a vertical slit set to 2.0 mm. The diameter of the incident beam collimator was 1.3 mm and the crystal to detector distance was 21 cm. For intense reflections an attenuator was automatically inserted in front of the detector.
Of the 2536 reflections that were collected, 2360 were unique (Rint = 0.80). The intensities of two representative reflections that were measured after every 60 min of X-ray exposure time remained constant throughout data collection indicating crystal and electronic stability (no decay correction was applied). The linear absorption coefficient for Mo Ka is 17.4 cm-'. An empirical absorption correction based on azimuthal scans of several reflections was applied which resulted in transmission factors ranging from 0.84 to 1.00. The data were corrected for Lorentz and polarization effects. Anomalous dispersion effects were included in Fcalc [17] ; the values for Af' and Af" were those of Cromer [18].
All calculations were performed using the TEXSAN [19] crystallographic software package of Molecular Structure Corporation. Some details of the crystallographic data are given in Table I , positional parameters for important atoms are given in Table 2 , and selected bond distances and angles are provided in Table 3 . 3{2I: B,pp,) ).
C~~(H~Hbab)~(N-hfeIrn)~ (2)
Lavender parallelepiped crystais of 2 were obtained by the slow diffusion of acetonitrile into a saturated solution of 2 in DMF over a period of 3 weeks at ambient temperature in an inert atmosphere box. ,4ir sensitive crystals of approximate dimensions 0.70 x 0.50 x 0.25 mm were mounted in an inert atmosphere box in capillary tubes. Diffraction measurements were made on a four circle Rigaku AFC5S fully automated diffractometer using graphite-monochromated Cu IKa ( R = 1.54178 A). The cell constants and an orientation matrix for data collection were obtained from a leaistsquares refinement using the setting angles of 22 carefully centered reflections in the range 40 .61 < 28 < 55.51" and corresponded to a triclinic cell with dimensions: a = 10.012(2), b = 12.830(2), c = 9.948 (2) A, a = 93.67 (2), p = 119.02(1), and y = 96.42(2)'. Based on packing considerations, a statistical analysis of intensity distribution, and the successful solution and refinement of the structure, the space group was determined to be P 1 (no. 2), 2 = 2, with one molecule of the compound forming the asymmelric unit. The volume was 1100.0(4) A3 and the calculated density was 1.471 g cm-3. The compound is a dimer, the monomeric unit cell comprises the asymmetric unit and the dimer is formed through utilization of $the inversion center. There were 3281 unique reflections collected with 28 120"; of those reflections, 1631 with I<3a(I) were adjudged observed. Scans of (1.68 + 0.30 tan 8)" were made at a speed of 8.0" min-' (in omega). The we:ak reflections (I < lO.Oa(I)) were rescanned (a maximum of 2 rescans) and the counts were accumulated to assure good counting statistics. The data were corrected for Lorentz and polarization effects. The linear absorptiion coefficient for Cu Ka is 67.28 cm-'. An empirical absorption correction, based on azimuthal scans of three reflections was applied which resulted in transmission factors ranging from 0.33 to 1.00.
The structure was solved using MITHRIL [15] where the cobalt was located and subsequent DIRDIF [15] revealed the entire non-hydrogen structure. The cobalt atom was also locatedin the Patterson [l5]. The following hydrogens H2*, H3, H1, H2, H16, H17, H19, H21, H23a, H23b, H23c and H24 were located on difference Fourier maps. The rest of the hydrogens were calculated and assigned isotropic thermal parameters which were 20% greater than the equivalent value of the atom to which they were bonded.
The final cycle of full-matrix least-squares anisotropic refinement was based on 1631 observed reflections 13a(I) and 298 variable parameters. The refinement converged with the conventional crystallographic values of R = 0.051 and R, = 0.049. The standard deviation of an observation of unit weight was 1. 35 . The weighting scheme was based on counting statistics and included a factor @=0.03) to downweight the intense reflections. The maximum and minimum peaks on the final difference Fourier map corresponded to 0.36 and -0.33 e A-3. All calculations were performed using the TEXSAN [19] crystallographic software package. Some details of the crystallographic data are given in Table 1 , positional parameters for important atoms are given in Table 4 , and selected bond distances and angles are provided in Table 5 . Table 3 Interatomic distances (A) and angles (") 3.4 (2) 0.36362(65) 5.8 (3) -0.06648(55) 3.1 (2) -0.09331(54) 3.3(2) 0.19829 (74) 3 3 3 ) -0.12358(68) 3 4 3 ) -0.06945(71) 3.5 (3) -0.16034(84) 4.6(3) 0.31806(85) 3.0(3) 0.36997(90) 3.8 (3) 0.4675(10) 5.1(4) 0.5195(1 I) 6 .6(5) 0.4701(10) 5.6(4) 0.36976(86) 3.4 (3) 0.31301(97) 3.8 (3) 0.1135(11) 3.5(3) 0.1939( 10) 4.9(4) 0.1123(15) 6.9(5) (87) 2.9(3) -0.1767(10) 4.9 (4) -0.2342(11) 5.4 (4) -0.18 14( 12) 7.5 (5) -0.0661( 10) 4.6(4)a Equivalent isotropic temperature factors (B, = 4/3(22 B,pp,) ).
Physical methods
All measurements were performed under strictly anaerobic conditions. Electronic absorption spec:tra were measured on a Perkin-Elmer Lambda 4C spectrophotometer in the 280-900 nm, while infrared spec:tra were collected in a KBr pellet on a Nicolet 5SX FT-IR spectrometer. 'H NMR spectra were recorded on a GE QE-Plus 300 MHz spectrometer. Solution susceptibility measurements were performed by standard NhAR methods using mesitylene (2% in DMSO) as the sttandard. All calculations involved a correction for solvent susceptibility based on literature values [20] . Cyclic voltammetry electrochemical experiments were carried out with a standard Bioanalytical system (CV-27 voiltamograph, C-IA Cell stand, BAS-RXY Recorder) with the use of a Pt or a glassy carbon working electrode, an Ag wire reference electrode, and 0.1 M tetra-n-butylammonium tetrafluoroborate (TBAT) as supporting elec-trolyte. All electrochemical studies were conducted at ambient temperature in an inert atmosphere (N,) box.
The Fe (O/ + ) couple of ferrocene ( E = 0.400 V versus NHE) was used as an internal standard [21] . EPR spectra were recorded on a JEOL ME-3X X-band EPR spectrometer equipped with an Oxford ESR-900 liquid Helium cryostat. Sample temperatures were determined with a carbon glass resistor (Lake Shore Cryotronics) contained in a sample tube in the sample position [22] .
Catalytic reactions were carried out under anaerobic conditions. All gas chromatographic analysis were performed on a Hewlett Packard Series 2 GC equipped with an analytical methyl silicon capillary column (50 m x 0.25 mm i.d.) and interfaced to a HP3396 series I1 integrator. Gradient temperature programs were used for baseline resolution. When iodosylbenzene was used as the oxo-atom donor, iodobenzene was recovered in quantitative yields. Best catalytic results were obtained when OIPh was added in 3 equiv. aliquots over the first 3 h. Parallel control reactions (OIPh and substrate) were performed in all cases; products were verified through the use of authentic samples and GC/MS analysis using a HP5890 Series I1 instrument equipped with a HP 5971A mass selective detector. Products were quantified using chlorobenzene as an internal standard. In catalytic reactions utilizing tert-butyl hydroperoxide, excess peroxide was quenched prior to GC or GC/MS analysis by using triphenyl phosphine. The experimental details for catalytic reactions with 5 have already been reported [8] . A summary of the data for the catalytic trials is reported in Table 6 .
Results and discussion
I . Synthesis
Towards continuing our interest in understanding the chemistry of binuclear metal systems capable of oxygen atom transfer catalysis [8, 9] , we have synthesized a lavender-colored binuclear Co2 + compound, [CO,~ + (H,Hbab),(N-Me1m)J (2), by the reaction of 1 equiv.
of Co(CI),(N-MeIm), (l), with 1 equiv. of Li,H,Hbab in methanol. We have found that 1 is a facile synthon for the introduction of a Co2+(N-MeIm) moiety into a complex with the added features that it is easy to prepare, is air stable, and it exhibits high solubility in a variety of organic solvents. The synthesis of [Co,, + (H,Hbab),(N-MeIm),] uses methods analogous to those previously reported for the synthesis of the binuclear ferrous complex, [Fe,, + (H,Hbab),(N-MeIm),] (5) [8, 9] . The solubility properties of 2 and 5 are similar with both being practically insoluble in most common organic solvents, but fairly soluble in DMF and DMSO (40 mM). Unlike 5, however, which has a limiting solubility in MeOH (0.5 mM), 2 exhibits no appreciable solubility in alcoholic solvents, precluding the use of anaerobic isothermal distillation techniques to establish its solution nuclearity [8, 9] . It is stable in anaerobic DMF solutions; less than 2% decomposition is observed by optical methods over a 12 h period. The green mixed-valence complex [Co2 + Co3 + (H,Hbab),-(N-MeIm),]+ (3) and the green-brown fully oxidized Co3 + complex [CoZ3 + (H,Hbab)2(N-MeIm)2]2 + (4), were both cleanly synthesized by I, oxidation of 2. Both 3 and 4 are soluble in DMF and DMSO and stable to decomposition. In all cases, complexes 2-4 afforded satisfactory elemental analyses after vacuum drying.
Solution and solid-state structure of Co(N-MeIm),(CI)2 (1)
Compounds of the type CoX2amine2 are known to exist as either violet or blue species [23] . More recent studies have shown that two stereochemical arran,gements are responsible for these distinct products; the violet compounds corresponding to an octahedral, polymeric chain structure while the blue form adopting a tetrahedral, monomeric structure [24] . The equilibrium between these forms is temperature-, pressureand solvent-dependent with the tetrahedral form stabilized by high temperatures and low pressures [25] .
The low ratio of N-MeIm to Coz+ used in the synthesis of 1 is expected to favor the production of monomeric products [24] . The electronic spectrum of 1 in DMF (Fig. 1) shows the presence of the ,A2 +4T,(P) transitions between 575 and 630 nm with molar extinction coefficients consistent with a tetrahedral geometry [26] . This absorption band consists of three components whose overall width is analogous to that reported for the corresponding absorption in the tetrahedral [COX,]*-, suggesting little evidence of any C,, perturbation [26, 27] . This is in agreement with solution magnetic susceptibility measurements which gave a value of 4.27 BM, within the range typically observed for tetrahedral Co2 + complexes (3.98-4.82 BM) [28, 29] .
The solid-state structure of 1 (Fig. 2) shows Co2+ to be tetrahedrally coordinated; the bond lengths and angles in the molecule are normal within the observed standard deviations of the few tetrahedral CoA2X, compounds that have been characterized and are different from the polymeric six-coordinate violet form of CoPy2C1, [24, 29] . The somewhat shorter Co-Nl (2.004 A) and Co-N3 (2.007 A) bond lengths of 1 versus those reported for the 4-methylpyridine complex (2.03 and 2.06 A) reflect the greater basicity of the N-MeIm ligand (pK, = 7.06) versus 4-MePy (pK, = 5.25) [30] . However, the largest variations in the CoA2Cl, structures are observed to occur in the N-Co-N angles that appear to depend intimately on the stereochemical requirements of the nitrogen heterocycles. In the unrestricted 4-substituted pyridine compounds, the N-Co-N angle is close to the idealized tetrahedral value (4-vinylpyridine [3 11, 107"; Cmethylpyridine [30] , 107") while the structures with bulky 2-substituents show an expanded angle (2-methoxypyridine [32] , 114"). A structure with a seven-membered chelate ring, @ i s -(2-pyridyl)disulfide]CoClz [33] , contains a significantly expanded N-Co-N angle of 118" while the six- Table 5 Comparison of selected interatomic distances (A) and angles (") for isostructural Co, 2+(H,Hbab),(N-MeIm), (2) (10) cis-stilbenle oxide (93) trans-stilbene oxide (7) trans-stilbene NRh cis-stilben'e oxide (94) trans-stilbene oxide (6) cis-stilbene oxide (93) trans-stilbene oxide (7) trans-stilbene oxide (100) trans-stilbene oxide (100) trans-stilbene oxide (100) membered ring found in the [phenyldi(2-pyridyl)ph osphine-N-N'lCoCI, compound [34] gives rise to a N-Co-N angle of 95". The current N-Co-N angle of 110.6" in 1 is consistent with those reported for the unrestricted 4-substituted pyridine analogs as expected for the sterically undemanding N-MeIm moiety.
3.3.
Solid-state structure of Co,' + (HzHbab)2(N-h4eIm), (2) and comparison to Fezz + (H,Hbab)z(N-MeIm)2 (5)
While the H2Hbab2-ligand is capable of forming both mononuclear [ 101 and binuclear metal complexes [8, 9] , our synthetic scheme for the Fe2+ and Co2+ metal centers exclusively afforded binuclear complexes in high yields (Scheme 2). As was previously reported for the diferrous complex 5 [9] , the structure of 2 shows two trigonal bipyramidal Co2+ atoms sharing a common axial-equatorial edge with the two metal centers bridged by two H2Hbab2-ligands ( Fig. 3) . Each Co2 + atom is bridged by two phenolate oxygen atoms of different H2Hbab2-ligands. This type of doubly bridged core structure, although represented in both ferric and ferrous complexes [9] , is limited to the well known family of structurally characterized six-coordinate bis-p-hydroxy Co' + complexes [35] . Compound 2, however, represents the first bis-p-phenolate Co2 + core that has been structurally characterized; the other systems containing binucleating ligands being the sixcoordinate Co3 + p-phenoxy-bis-pacetate bridged Bpmpsystem, [CO' + (Bprnp)(p-benzoate)(O2)]*+ [36] , and the mixed phenol and pyridine podand containing Bhpmp complex, [Co3 + (Bhpmp)(p-pr~poniate)~]+ [37] . In addition to the bridging phenolate oxygen atoms, each Co2+ center is coordinated to an amide oxygen of the same benzamido moiety forming a six-membered chelate ring, an additional phenolate oxygen atom from the adjacent benzamido moiety and a single N-MeIm yielding five-coordinate NO4 ligand donor sets about each Co2+ center. The two metal centers are related by a crystallographically imposed center of symmetry.
Analysis of the Co coordination spheres in 2 using the conformational analysis methods of Auf der Hyde and Burgi indicate that each adopts a trigonal-bipyramidal geometry (Fig. 4) with the atoms O(l), O(4) and N(3) forming the equatorial plane [38] . The Co2+ center is 0.035 A above this plane towards the O(4)' bridging phenolate atom. As reported for the binuclear Fe2+ compound [9] , the consequence of the six-membered chelate ring formed from the phenolate O(4) and amide O(3) atoms that span equatorial and axial sites in the trigonal bipyramidal structure are minimal. The bond angles in the equatorial planes are as expected and show a maximum deviation from their idealized value of only 5-7" while the equatorial to axial angles deviate by 5-6" for O(3) and 6-11" for O(4'). T h e greater deviation of the latter center most likely reflects the constraints of the four membered CO,~+O, core structure. In addition, 2 shows variations in the angles O(4) which is consistent with a tilt of the axis (Co(l)-0(4)' bond) with respect to the equatorial plane in the direction of the O(4) atom. A similar phenomenon was observed in 5 [9] .
The crystal structure of 2 also shows that the CO-O,,,,~ bonds are longer than those of the As depicted in Figs. 3 and 4 , the axes of the two Co coordination spheres are parallel. In centrosymmetric 2, the CoZ2+O2 core is constrained as a planar rhomb with significantly different Co-0 distances (Ad = 0.173 A) and acute 0-Co-0 (81.4(2)") and obtuse (98.6(2)") angles. The bridging phenolate rings are crystallographically constrained to be parallel in 2 while the planes of the phenolate rings are nearly parallel to the C O~C O   vector (1 1.3") . The Co-Co distance of 3.079(2) A is considered too long for metal-metal bonding while the 0(4)-0(4)' non-bonded distance is 2.648(9) A. The core structure of 2 is analogous to that of 5 with the exception of somewhat shorter metal to bridging phe-nolate bond lengths (AdFepCo = 0.055 A) for both M-O(4) and M-0(4)' distances, resulting in a shorter dM-M and d0c4)-oc4,' values ( Table 5) .
The topology of the H,HbabZ-ligand system is significantly distorted from its expected planar nature when bound to the Co center. Although the 0(2)-C(7)€(6)-C(5) torsion angle ( -7(1)") is near its expected planar value, the C(7)-N( 1)-C(8)€(9) ( -63(1)"), C( 14 j N ( 2 w ( 13)-C(12) (128. 8(8) and  0(3)-c( 14)-C(15)€(20) ( -25( 1)") torsion angles show a more pronounced deviation from planarity. Owing to limitations of the crystallographic data that prevent the unambiguous identification of the amide proton positions in the coordinated H2Hbab2 -ligand, we are unable to assess the issue of planarity versus non-planarity of the amide bonds.
Physical characterization
The UV-Vis spectrum of 2 in DMF ( Fig. 5 ) shows peaks at 600 nm (eM = 160) and 540 nm (eM = 120) in the visible region and a shoulder at 327 nm ( E~ = 23 600). The ligand field bands at 600 and 540 nm are characteristic of Co2 + complexes [26b, 29, 401 while the shoulder at 327 nm can be attributed to phenoxy to metal charge transfer band. Idealized trigonal bipyramidal spectra (D3,, symmetry) are characterized by four Fig. 3. ORTEP views of the isostructural molecules Co,(H,Hbab),  (N-MeIm), (2); (a) and Fe,(H,Hbab), (N-MeIm), (5); (b) showing the 50% probablity thermal ellipsoids. Ligand hydrogen atoms are omitted for clarity. ,(H,Hbab), (N-MeIm), (2); (a) and Fe,(H,Hbab),  (N-MeIm), (5), (b) Fig. 5 are consistent with the assignment of ea.ch Co2 + center adopting a trigonal bipyramidal structure. The observed molar extinction coefficients of 160 and 120, respectively, are within the range reported for these transitions: 100-300 for 4A2 and 100-600 for 4E'.
While octahedral complexes also show bands in tlhis same region (4T1g (F)-t4T2, (F) (950-1550 nm) and 4T1g(F) -4T1,(P) (450-650 nm), the molar extinction coefficients of the 4T1g (F) -+4T2g (F) transition typically range from 5 to 40 while those of the 4T1,(F) -4TI,(P) transition range from 15 to 60, well below those reported for 2 [29, 40] . In comparison, the binuclear Fe"+ compound 5, appears featureless in the visible region owing to a strong tailing absorbance at 312 nm ( E~ = 30000) [9] . The chemical (I2) oxidations to 3 and 4 are clean with isosbestic points found at 660 and 356 rim for the conversion of 2-3 and 700 and 340 nm for the conversion of 3-4. The mixed valent [Co2+,Co3+] complex 3, shows a peak at 305 nm (cM = 17 400) and at 334 nm (sh, cM = 14500), while the [C0'+,Co3+] complex 4, shows a peak at 357 nm (cM = 15 000) (Fig.  5) . Owing to the intense tailing absorbance from the phenoxy-Co3 + LMCT transition, no ligand field a.bsorbances were identified for complexes 3 on solid samples of 2 showed amide V,,,,id&, (1640 cm -') and Vamlde" (3450 cm-I) stretching bands, both of which remain unchanged from their respective values observed in the Li+ salt of the free ligand and in 5 [8, 9] . Complexes 3 and 4 also show the same infrared features with the vmldec0 bands at 1656 and 1660 cm-I, respectively.
Solution magnetic moments of the Co complexes Co3 +I (3) and [Co3 +,Co3 ' 3 (4 3/2, S, = 0) . The [Co3 + ,Co3 +I dimeric complex (4) gave a small magnetic moment (0.25 BM), in agreement with its expected diamagnetic behavior.
The small moment could be attributed to less than 3% Co2+ in solution that resulted from incomplete oxidation of the reduced dimer, 2. The diamagnetic assignment of 4 is supported by its 'H NMR spectrum that shows no significant paramagnetic shifts or broadening.
A value of pB = 8.09 (DMF, 298 IC) was recorded for the isostructural complex 5, which consists of two weakly (ferromagnetically) coupled high spin Fe2 + centers (SI = S, = 2, S, = 4) [9] .
Interpretation of the EPR spectra of the [Co2+,Co2+], Co3 +I, and [Co3 + ,Co3 ' 3 complexes is consistent with the conclusions based on the magnetic susceptibility data. The presence of excited energy levels quite close to the ground state, which is independent of coordination geometry, induces fast relaxation of the three unpaired electrons leading to the type of broad spectra (500-4500 Gauss) shown in Fig. 6 for 2 even at 4 K [29, 44] . These data suggest that the two Co2+ centers are not strongly antiferromagnetically coupled.
The EPR signal arising from 2 was found to be slightly broader (700 Gauss) than the signal arising from an equivalent Co2 + concentration of [Co2 + (EDTA)]'-.
This observation suggests the presence of additional . . . - interactions between the two cobalt atoms that affect spin-relaxation pathways leading to a broadening of the EPR resonance, consistent with 2 maintaining its binuclear structure in solution. The spectrum of complex 3 shows an identical signal to that obtained for 2 but with half the intensity as determined by spin integration (Fig. 6) . This is expected for a mixed-valence complex having a high spin Co2+ atom and an EPR silent low spin Co3 + atom. No significant signal was observed for the fully oxidized Co3+ complex 4 as expected for a diamagnetic species. Spin integration indicated the presence of a small (3%) Co2+ impurity, consistent with the magnetic susceptibility data. These results are in contrast to EPR studies on 5 that reveal an integer s,pin feature at g = 16 at 4 K, consistent with a ferromapetically coupled binuclear Fe2 + compound [9].
Cyclic voltammetry experiments were performed to assess the redox potentials linking the three core oxidation states. Measurements over the range of + 0.00 V (versus SCE) to -1.4 V showed the same features for complexes 2, 3, and 4. Ligand centered redox processes occur outside this region and did not interfere with the examination of metal based processes. At concentrations of 2 mM and scan rates of 100 mV s -I and slower, a large oxidative adsorption peak is observedl at -570 mV that gives rise to two reductive peaks at -1.22 and -1.02 V. However, at higher scan rates ( > 100 mV s -I), the adsorption phenomenon is minimized and two oxidative peaks coupled to the two reductive peaks can be observed at -570 and -340 mV, respectively, suggesting the presence of two discrete redox couples at Ef12 = -680 mV and E$2 = -890 mV. The nature of these irreversible redox processes (AEL = 650 mV; AE; = 680 mV) appear independent of either the nature of the electrode or the solvlent system. Consecutive scans show the same voltammogram, with the absence of new species ruling out decomposition of the complexes during the experiment. The lack of 'reversible' electrochemical properties most likely reflects problems of the heterogeneous electron transfer process itself as well as the electronic redistri-0 loo0 2000 3000 4ooo. 5000 Field I Gauss bution and structural reorganization that is expected to occur upon oxidation of Co2 + to Co3 + . This behavior is in contrast to the electrochemical properties reported for 5 which exhibited one quasi-reversible (E!,* = -500 mV; AE; = 240 mV) and one reversible (E$2 = -250 mV; A E ; = 7 0 mV) redox process [9] . The large AEp of these peaks suggests a structural change. The comproportionation constant, K, , , , describing the stability of the mixed-valence species, was calculated to be K,,, = 1.7 x lo4 suggesting that the mixed-valence form is only moderately stable. Electrochemical studies on 5 indicated that pronounced scan rate dependence of the AEL values and the scan rate independent AE; values i s consistent with an EC mechanism caused by a rearrangement of the core structure upon the 1 eoxidation of the diferrous core. However, while the overall electrochemical behavior of 2 parallels that observed for 5, the extreme irreversibility of the cobalt system precludes any direct comparison and meaningful analysis of the oxidation potentials.
Catalysis
The ability of the [Co2 + ,Co2 + J (2), [Co2 + ,Co3 + J (3) , and [Co3 + ,Co3 + J (4), complexes to catalyze oxygen atom transfer reactions from OIPh to a variety of olefinic substrates is summarized in Table 6 . Overall, the turnover numbers and efficiencies show that 2-4 are good oxo atom transfer catalysts for these representative olefins. In all cases, no oxidation products were generated when OIPh was omitted; quantitative PhI is produced as the final product of OIPh. Parallel control reactions in which the catalyst was omitted showed only negligible product formation, indicating the stability of the substrates under these reaction conditions.
Immediately evident is the observation that [Co2+, Cot + J compound, 2, catalyzed OIPh oxidation of cyclohexene produces predominantly (85%) cyclohexene epoxide with only minor quantities of products arising from the oxidation of the allylic position. This reaction (Eq. (l) ), which occurs with high efficiency, produces a product distribution that is significantly different from that reported for the isostructural [Fe2 + ,Fe2 + J complex, 5, which under identical reaction conditions gave two dominant products (75%) generated from oxidation of the'allylic position. Since 2 and 5 are isostructural, the different product distributions must arise from differences in the d-electron count and how they influence the nature of the reactive intermediate(s) formed during catalysis. In addition, neither Co2 + (salen) nor [Co3 + (salen)]+ were found to be active as oxygen atom transfer catalysts, indicating the requirement for the electronic environment produced by the H2Hbab2ligand system. As reported in the literature [q a.nd reproduced here, simple inorganic salts such as Co2+ (NO,), showed marginal activity, clearly below that exhibited by 2-4. Furthermore, when tert-butyl hydrogen peroxide is used as the oxidant, only tert-butylperoxy-2-cyclohexene, resulting from peroxide homolysis, is observed, indicating the inability of 2 to induce heterolytic cleavage of the peroxy 0-0 bond. Also interesting is the lack of any apparent influence of ithe binuclear core oxidation state on the distribution of epoxidation versus allylic oxidation, suggesting minimal interaction between the metal center and oxygen atom in the reactive intermediate. This observation contrasts the dramatic influence played by metal centered electron density reported for the epoxidation of cyclohexene by electronegative versus electropositive metal porphyrin systems where high valent metal-oxo reactive intermediates act as the oxidation catalysts [45] . OIPh catalyzed isomerization pathway involving the initial electrophilic addition of OIPh to the cis-olefin (Scheme 3) [6] .The resulting carbocation is capable of collapsing to the thermodynamically more stable transolefin. Operation of this pathway is supported by identification of quantities of unreacted trans-stilbene in reactions initiated with pure cis-stilbene (Table 6) . No such isomerization products are observed in reactions with trans-stilbene. These data suggest that oxo atom transfer occurs through a process where rotation about the carbon-carbon bond of the olefin is not significant [46] , arguing against any long-lived organic intermediate. Interestingly, while 2 and 4 showed no real preference for either the cis-or trans-olefin, 5 was unreactive towards cis-stilbene but demonstrated the ability to catalyze the oxidation of trans-stilbene to its corresponding epoxide. Catalytic oxidations of norbornene by 2-4 give only the ex0 -epoxide, consistent with electrophilic or electrocyclic reactions on norbornene (Eq. (3)) [45]. Our intaw (3) ability to detect any endo isomer allows us to state only a lower limit for the exolendo ratio as llO:l, although the true ratio is in all probability much greater than this value.The mechanistic implications for the synthesis of the endo epoxide arise from the well documented chemistry of norbornene, 2-norbornyl carbocation and 2norbornyl radical towards a spectrum of reagents. Previous studies have established that peracid epoxidation, electrocyclic additions, the formation of norbornene-metal complexes and the addition of electrophiles or radicals occur exclusively on the exo side. The catalysis data for 2-4 are therefore consistent with direct electrophilic, radical or molecular attack on the substrate. The observation of low levels of norcamphor and cyclohexene-4-carboxaldehyde is consistent with this conclusion as these products, found in MCPBA oxidations of norbornene, are generated by Lewis acid catalyzed rearrangement of the exo -epoxide [47] .
The lack of any observable endo isomer also prevented an examination of the effect of electron density at the Con+ centers (oxidation states) on the exolendo ratio as a test for a change in mechanism from electrophilic or electrocyclic pathway to an electron transfer mechanism as a function of the core oxidation states [45] . Studies examining the influence of electron density on metalloporphyrin catalyzed .OIPh oxidation of norbornene suggest that electronegative porphyrin catalysts follow a limiting electron transfer pathway while electropositive porphyrin catalysts follow electrophilic addition mechanisms. Experiments designed to define this effect for 2-4 require further efforts.
Oxidation of sulfides to their corresponding sulfoxides and sulfones requires a two-electron oxidizing agent (Eq. (4) ). Consequently, they have proven useful n in studies examining the metal catalyzed oxidation of alkanes and olefins by alkyl hydroperoxides [48]. When such substrates are mixed with reagents such as Me,S or p-methoxythioanisole, the latter are proposed to react readily with high valent metal-oxo intermediates generated by the heterolytic cleavage of alkyl hydroperoxides in both non-heme and heme-catalyzed systems thereby affecting olefin or alkane oxidation processes
[48]. The presence of sulfides is not expected to alter the product distribution arising from intermediates generated from peroxide homolysis. Table 6 shows that :2 is unable to perform the direct oxidation of PhSMe in the presence of OIPh while its isostructural iron analog, 5, under identical conditions, produces both the corresponding sulfoxide and sulfone [8] .
These data, in total, clearly indicate that the isostructural complexes 2 and 5, which differ only by d-electron count, follow distinct mechanistic pathways. This conclusion makes the implications of this comparative reactivity study quite interesting. Previous studies showed that methanolic solutions of the binuclear Fe2 + compound, 5, catalyze the heterolytic decomposition of phenylperacetic acid (to yield phenylacetate and formaldehyde from solvent) while its oxidized [Fe3 + , Fe3+] form, 7, only catalyzes homolysis of the peracyl 0-0 bond [8]. Furthermore, while 5 demonstrated the ability to catalyze the OIPh allylic oxidation of cyclohexene, epoxidize olefins, and oxidize sulfides to sulfoxides and sulfones, 7 was completely inactive as an oxidation catalyst despite its ready ability to form adducts with a variety of small molecules such as catechols and phenols [XI. In the absence of substrates, 5 reacts under anaerobic conditions with stoichiometric OIPh to quantitatively produce a p o x 0 Fe3+ dimer complex whose Fe-O-Fe asymmetric stretch was idemtified by "0 isotopic labeling studies [8] . These data were explained by a mechanism (Scheme 4) involving a reactive intermediate which, in the limiting cases, can be viewed as arising from the interaction of 5 with OIPh to form either (i) an OIPh adduct by coordirnation of the 13+ center thereby increasing the electrophilicity of the oxygen atom by polarization effects, or, (ii) a [Fe4+ = 0 1 species generated by the formal transfer of the oxygen atom from OIPh to a ferrous center. While the direct unambiguous characterization of a non-heme iron ferry1 species has not as yet been reported, the [Fe4+ = 0 1 unit has been invoked on the basis of reactivity studies [7] .
The catalytic chemistry of the isostructural Co2 + complex 2 assumes significance in differentiating between an adduct versus metal-oxo pathway. Examination of the results derived from molecular orbital theory for five-and six-coordinate transition metal complexes shows that a formal [MI1+ = 0 1 functionality can only occur for those metal centers having a d4 or less electron configuration [3, 4] . It is energetically highly unlikely that Co2+ will react with OIPh and form a high valent metal-oxo species (d') as the extra electron beyond the d4 configuration would reside in a metal oxygen antibonding orbital, thereby reducing the bond order below that required for this type of species [4]. A similar argument applies to any system in which the d orbitals are filled. Thus, low-spin six-coordinate d6 complexes (Co3+) are also not expected to easily reach the high oxidation states needed to have empty d orbitals necessary for the preparation of a terminal metal-oxo complex. These MO constraints do not, however, preclude the formation of a high-valent ironoxo species. Nonetheless, the chemistry exhibited by the [49] , concluded that 13+ and not the oxygen atom or the metal center is the reactive electrophilic site responsible for catalysis. Initial attack of a metal OIPh complex with an olefinic substrate is thought to result in an intermediate similar to 8 (Scheme 5) which rearranges to give 9 before decomposing under reaction conditions to yield the epoxide product. In all cases, similar product distributions were obtained for both redox inactive and redox active metal complexes; the oxidation of cyclohexene yielded primarily the epoxide with only minor quantities of allylic oxidation products observed. The Valentine mechanism describes a pathway for transition metal catalyzed oxygen atom transfer that does not involve a change in metal oxidation state, consistent with the chemistry exhibited by 2-4. Therefore, these cobalt based catalysts do not appear to fit the classification of either a primary or secondary oxo transfer catalyst, all of which require a change in the metal centers oxidation state [3] . The observation that all core oxidation states found in 2-4 can function as oxidation catalysis, the dominance of epoxide products over idlylic oxidation products, and the inability of 2-4 to catalyze the oxidation of sulfides to sulfoxides suggests that complexes 2-4 act as Lewis acid catalysts for olefin epoxidation when OIPh is used as the oxygen atom donor. Other potential intermediates, such as reactive pox0 bridged species formed by the one-ekctron oxidation of each metal center, are believed to be unlikely owing to the approximate catalytic equivalence of the [Coz + ,Coz +I and [Cos + ,Co3 +] complexes. Although metal-oxo bonding considerations might predict the possibility of such reactive pox0 species, they alre expected to access significantly different core oxidation states of the cobalt centers which should differentially influence the catalytic properties of 2 and 4.
[Co2 + ( a~a c )~] -and Co2 +porphyrins [50] are known to act as autooxidation catalysts in the presence of oxygen. These reactions go through a free radical chain process with an initial induction period. All reactions reported herein were performed under anaerobic conditions; no induction period was observed in the OIPh epoxidation of cyclohexene with 2-4. However, when tert-butyl hydrogen peroxide is used as the oxidant, 2 is unable to oxidize cyclohexene to produce either the epoxide or allylic oxidation products but instead yields l-(tert-butylperoxy)-2-cyclohexene, consistent with a free radical pathway. Control experiments demonstrated that cyclohexene oxide is stable under the reaction and subsequent workup conditions. Thus, 2 can follow one of two pathways depending on the nature of the oxidant. The occurrence of a dual mechanism is similar to a report by Kochi and co-workers who examined the ability of a proposed mononuclear Co:' + complex of a related ligand system, Cl,Me,salam, to catalyze the OIPh and tert-butyl hydrogen peroxide oxidations of olefins [51] . While only the chemistry of the Co2+ species was reported in detail, both a radical (Co2+ induced homolytic cleavage of the peroxy 0--0 bond) and non-radical (putative [Co4 + = 01 intermediate generated from OIPh) pathways were postulated. Differences in these systems is apparent as Kochi reports the ability of Co2 + (Cl,Me,salam) to catalyze ithe OIPh oxidation of cyclohexane to yield cyclohexanol (1%) and cyclohexanone (20%), a reaction that is not catalyzed by 2-4. A more direct comparison of these systems is precluded by the present lack of characterization of Co2 + (CI,Me,salam).
The significantly different product distributions observed under identical conditions for the binuclear cobalt and iron complexes aigues against a common reactive intermediate operating in both catalytic cycles. The inability of the diferric complex, 7, to act as a catalyst, even though it has the ability to form adducts, the predominance of allylic oxidation products for the diferrous and mixed-valence catalyzed reactions, and the oxidation of sulfides to sulfoxides suggests that the iron based systems are not operating as simple Lewis acid catalysts (Scheme 4). While the iron based systems demonstrate reactivity properties consistent with a variety of non-heme iron monooxygenases [7] , the current absence of any direct spectroscopic evidence of a metaloxo intermediate precludes any unambiguous conclusions concerning the nature of the reactive species [7].
Conclusions
We have reported a family of binuclear 
, which is also an active oxo-transfer catalyst. Owing to (i) the ability of the high spin d' Co2+ and low spin d6 Cos+ complexes to both catalyze the OIPh oxidation of olefins yielding identical product distributions (primarily epoxides); (ii) the inability of 2 to catalyze the two-electron oxidation of sulfides to sulfoxides; (iii) the inability of Co2+ centers to readily form a [Co4+ = 01 functionality; (iv) the dramatic differences in product distributions observed for isostructural 2 versus 6 (epoxidation versus allylic oxidation and sulfide oxidation, respectively); and (v) the inability of the fully oxidized [Fe' + ,Fe3 + ] complex to catalyze any oxygen atom transfer process, we propose that different reactive intermediates are formed by these two sets of metal complexes. These data clearly show the effect of d-electron count on the mechanism of catalytic oxidation of olefins by non-heme metal complexes and suggest that two distinct mechanistic pathways are operational. The characteristics of the cobalt catalyzed reactions are consistent with the metal center forming an adduct with OIPh and acting as a Lewis acid catalyst in which it plays a redox inactive role while the iron based catalytic systems clearly demonstrate an absolute requirement for the presence of at least one ferrous center. These insights allow us to argue against the role of a simple OIPh adduct as the reactive species in the case of the iron systems as was proposed in part to explain their catalytic properties. While the data are consistent with the reactivity properties of a [Fe4 + =0] containing species, direct spectroscopic characterization necessary to verify its existence is currently unavailable. Studies designed to directly (spectroscopically) and indirectly (mechanistically) probe the nature of the reactive intermediates for both the cobalt and iron systems are currently underway.
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The above data can be explained by the formal transfer of an oxygen atom obtained from the heterolyhc cleavage of MPPH to a ferrous center in 1, resulting in a two-electron oxidation of the electronic structure of 1 (Scheme 2). The subsequent intermediate can be viewed as an [Fez+, Fe4+=O] 
where the latter electronic description is meant to convey the potential for unpaired electron density on either the diamide or terminal oxo ligands. This intermediate may also collapse IO a p-oxo-[Fe3+,Fe3+] dimer which in itself is inert as an oxygen atom transfer catalyst. The data also suggest that while the ligand system is capable of stabilizing an Fe4+ intermediate species generated firom heterolysis of the Fe2+-OOR species, it is unable to afford the €e5+ species that would result from heterolysis at an Fe3+-OOR center.
Catalytic oxygen atom transfer reactions utilizing PhSMe and cyclohexane (C-H bond strength 95 kcaVmol)12 as substrates are summarized in Table 2 . In each case, phenyl methyl sulfoxide (500 turnovers) and cyclohexanol (230 turnovers) were initially formed prior to the production of phenyl methyl sulfone (11 turnovers) and cyclohexanone (5 turnovers). Parallel control reactions showed negligible product formation (I 10 turnovers) in the absence of catalyst, suggesting the primary role of an iron-based oxidant. Tight coupling between MPPH 0-0 bond cleavage and the oxygen atom transfer process is demonstrated by quantitatively comparing the levels of 2-methyl-1-phenylpropan-2-01 with equivalents of product (sulfoxide or alcohol). The results indicate the high efficiency of MPPH utilization (99 f 1%) and that only hetero1,ytic cleavage of MPPH occurs during catalysis. The data in Table 2 also establish that the ferrous centers in 1 return to their reduced states at the end of each cycle (Scheme 2). Adventitious oxidation of 1 or collapse of the intermediate to thep-oxo-[Fe3+,Fe3+] dimer would result in an iron complex population that would facilitate homolytic cleavage of the alkyl peroxide 0-0 bond, leading to detection of MPPH products based on the reactivity of the benzyl radical. The observed absence of these species only allows for a lower bound for the partitioning of productive versus nonproductive processes (2500: 1) during catalysis.
These data demonstrate the ability of reduced binuclear 1 to act as an efficient catalyst for the heterolytic cleavage of MPPH and for subsequent oxygen atom transfer to substrate. Heterolytic cleavage of the peroxide argues against the possibility of freely diffusing radicals being responsible for the oxidative chemistry that is observed. This fulfills an essential requirement for modeling oxygenases, which proceed exclusively via a heterolytic pathway in order to avoid the formation of biologically damaging hydroxy radicals. Furthermore, the observed tight coupling between heterolytic cleavage of the alkyl peroxide and the transfer of an oxygen atom to an organic substrate (reaction efficiency >99%) models the chemisey exhibited at the active site of iron-based monooxygenases where one oxidized substrate is generated per equivalent of 0 2 consumed. Studies designed to define both the scope and mechanism of the substrate oxidation reactions are underway.
